We investigate the quantum effects for the democratic-type neutrino mass matrix given at the right-handed neutrino mass scale m R in order to see (i) whether θ 23 = −π/4 predicted by the model is stable to explain the atmospheric neutrino anomaly, (ii) how θ 12 and θ 13 behave, and (iii) whether the predicted Dirac CP phase δ keeps maximal size, at the weak scale m Z . We find that, for the (inversely) hierarchical mass spectrum with m 1 ∼ m 2 , θ 23 and θ 13 are stable, while θ 12 is not so, which leads to the possibility that the solar neutrino mixing angle can become large at m Z even if it is taken small at m R . We also show that δ keeps almost maximal for the above mass spectrum, and our model can give the large CP violation effect in the future neutrino oscillation experiments if the solar neutrino puzzle is explained by the large mixing angle MSW solution.
Introduction
Recent neutrino experiments have been strengthening the evidence of the neutrino mixing [1, 2] . The study of the neutrino mixing opens a new phase for our deeper understanding of neutrino physics.
Let us summarize the present experimental data on the neutrino mixing. From the recent analysis of the atmospheric neutrino anomaly, we have the following allowed regions of the mixing angle and the mass squared difference as [1] sin 2 2θ atm = 0.85 ∼ 1 , ∆m 2 atm = 2 × 10 −3 ∼ 6 × 10 −3 (eV 2 ) .
The oscillation interpretation for the solar neutrino problem has still several parameter choices as [2, 3] 
• The small mixing angle (SMA) MSW solution sin 2 2θ SMA = 10 −3 ∼ 2 × 10 −2 , ∆m 2 SMA = 4 × 10 −6 ∼ 10
• The vacuum oscillation (VO) solution sin 2 2θ VO = 0.75 ∼ 1 , ∆m 2 VO = 10 −11 ∼ 10 −10 (eV 2 ) .
In our earlier paper [4, 5] , we proposed a democratic-type mass matrix for left-handed
Majorana neutrinos. This model has quite special predictions, θ 23 = −π/4 and δ = π/2, where θ 23 is the mixing angle between mass eigenstates ν 2 and ν 3 , and δ is the CP violation phase in the standard parameterization of the mixing matrix [6] . The other mixing angles θ 12 and θ 13 are left free (independent on neutrino masses). The maximum value θ 23 = −π/4 is essential to explain the large atmospheric neutrino mixing. Also the prediction, δ = π/2 is interesting under the situation where the search for the model 1 In summary, we shall add a short remark for our results with the latest report on Neutrino 2000 [3] .
to predict the CP violation phase is an urgent problem. We examined the underlying symmetry for the democratic-type mass matrix and found that this mass matrix is derived by imposing the Z 3 symmetry for the model with two up-type doublet Higgs bosons [4, 5] .
Here we want to consider the situation where the democratic-type mass matrix is derived from the dimension five effective interaction with one up-type doublet Higgs boson based on Z 3 symmetry. Let us define
(ℓ e + ω 2 ℓ µ + ωℓ τ ) ,
(ℓ e + ωℓ µ + ω 2 ℓ τ ) ,
where ℓ i is the left-handed lepton doublet defined by, say, ℓ e = (ν eL , e L ) T , and ω = exp(i2π/3) which satisfies ω 3 = 1 and 1 + ω + ω 2 = 0. The fields Ψ i behave as irreducible representations of Z 3 symmetry under the permutation of ℓ e , ℓ µ and ℓ τ ,
If we introduce a Higgs doublet that behaves H u → ω 2 H u , then we can construct the Z 3 invariant dimension five effective Lagrangian as
where u =< H u >. Here we introduce two kinds of symmetry breaking terms, L 1 and L 2 as
We remind that all types of Z 3 symmetry breaking terms are in L 1 and L 2 . Now we
Then, after the symmetry breaking < H u >= u, we obtain the democratic-type mass matrix under the assumption that all coefficients m 0 i andm i are real (see Sec.2).
In this paper, we consider that the democratic-type mass matrix (or the dimension five effective interaction) is given at the right-handed neutrino mass scale, m R and see the predictions at m Z by using the renormalization group. The renormalization group effect for the dimension five effective interaction have been examined intensively [7 -15] . Casas et al. have investigated some general features of the quantum effects for the neutrino mixing matrix independent of the specific mass matrix [11] . Haba et al. have studied how the mixing angles behave by choosing the simple real mass matrix which explains the experimental data at m Z [13] .
We are interested in (i) whether our predicted value θ 23 = −π/4 is stable,
(ii) how two angles θ 12 and θ 13 behave against quantum corrections, and (iii) whether the Dirac CP phase δ keeps maximal size at m Z as that predicted at m R .
First point (i) is indispensable for the democratic-type model to explain the atmospheric neutrino anomaly, and second point (ii) is interesting in view of searching the possibility that the small angle θ 12 can be produced at m Z from the large angle θ 12 at m R , or vice versa, in addition to their stable solutions. Third point (iii) is also important for future neutrino experiments in order to get the signals of CP and T violation in the lepton sector. These problems depend largely on the neutrino mass spectrum. In more restricted model with hierarchical mass spectrum, we investigated the points (i) and (ii), and showed that neutrino mixing angles are stable for the fully hierarchical mass spectrum, while the solar neutrino mixing angle is unstable for the hierarchical case with m 1 ≃ m 2 , where m 1 and m 2 are the first and second mass eigenvalues [16] . For the general democratic-type model, in addition to the above results, we find the possibility that LMA and/or VO solutions can be realized at m Z even if the solar neutrino mixing angle is small at m R for the hierarchical case with m 2 /m 1 − 1 << 1. Also in this case, Dirac CP phase is almost left maximal, and we can expect that CP and T violation effect can be detected in the future long baseline neutrino experiment such as neutrino factories [17] . This paper is organized as follows. In section 2, we briefly review the democratic-type neutrino mass matrix and its predictions. In section 3, we show the quantum corrections for the neutrino mass matrix. In section 4, we calculate the tan β dependence of neutrino masses, mixing angles and Dirac CP phase. In section 5, we give the results of numerical calculation and compare with the analytical estimation. Section 6 is devoted to the summary.
Democratic-type mass matrix
Throughout of this paper, we assume that the mass matrix of charged leptons is diagonal.
After symmetry breaking, we obtain the democratic-type neutrino mass matrix from Eqs. (7), (8) in the flavor eigenstate basis as [4, 5] 
where
Six quantities m 0 j and m j (j = 1, 2, 3) called mass parameters are taken to be real, and the form in Eq. (9) is assumed to be generated from the effective dimension-five operators at m R .
where V Tri is the following tri-maximal mixing matrix as
Then, the neutrino mixing matrix U (MNS matrix [18] ) which diagonalizes M ν (m R ) as eigenvalues. This expression leads to the condition that the mixing matrix U should
, which do not depend on real mass parameters. From these conditions on the mixing matrix, we find that c 2 23 = s 2 23 = 1/2 and cos δ = 0 by using the standard parameterization advocated in [6] . Here c ij = cos θ ij , s ij = sin θ ij with the mixing angle θ ij between mass eigenstates ν i and ν j , and δ is the Dirac CP phase. Thus, we can obtain the following expression of U as 
where ∆m
Under the assignment of Eq. (13), we consider the following mass spectrum as Hierarchical case :
Inversely hierarchical case :
and we assume all mass eigenvalues are positive 2 . Of course, there are another mass spectrums which satisfies Eq. (13) m R , and it is laborious to obtain their analytical expressions. It is also noted that we do not adopt that |∆m 2 12 | is the mass squared difference for the solar neutrino mixing. This is because mass eigenvalues m i (i = 1, 2, 3) are those given at m R , and as we shall see later, |∆m 2 12 | varies while |∆m 2 32 | is almost stable against quantum corrections, when the mass spectrum is given as Eq. (14).
Quantum corrections
The neutrino mass matrix, and hence the neutrino mixing matrix, may vary by quantum corrections [7, 8] . In the minimal supersymmetric standard model (MSSM) with dimension-five operators which give Majorana masses to left-handed neutrinos, quantum corrections appear in the relation of the Majorana mass matrices between at m R and at
where I i (i = e, µ, τ ) are defined as
Here y i are Yukawa couplings of charged leptons in the mass eigenstate, t = ln µ with the renormalization point µ, and overall renormalization effect has been absorbed into
According to the discussion in [13] , the approximation of
is held with good accuracy in the region of 2 < tan β < 60. Here tan β = φ u / φ d , in which φ u and φ d are two Higgs doublets in the MSSM. By using this approximation, M ν (m Z ) reduces to the following simpler form as
and ǫ is defined as
with the mass of τ lepton, m τ , and
In the second equality in Eq. (19), we have neglected the running effect of y τ . In order to estimate the value of ǫ, we consider the right-handed neutrino mass scale m R as 10 13 GeV. Then, with m Z = 91.187 GeV, m τ = 1.777 GeV and v = 245.4 GeV, we find
Therefore, we neglect the O(ǫ 2 ) terms in Eq. (17) when obtaining the analytical expression of the mixing angles and neutrino masses at m Z .
By using Eq.(17), we can obtain the Majorana neutrino mass matrix at m Z . This mass matrix depends on tan β via ǫ as well as neutrino masses, mixing angles and CP phases given at m R . We take θ 23 and CP phases at m R as those predicted by the democratic-type model. We also assume that neutrino masses at m R is given as Eqs. (13) and (14). Then we can investigate the tan β dependence of the neutrino mixing matrix at m Z , which includes two mixing angles, θ 12 , θ 13 , and neutrino masses at m R . As we will show in the next section, θ 13 hardly depends on quantum corrections, so we can take the most stringent constraint on θ 13 , s 13 = 0.16, from the CHOOZ data [20] .
We also check the analytical estimation by numerical calculation, which will be shown in section 5. For any tan β, we calculate the mass matrix M ν (m Z ) numerically by using Mathematica, and find the unitary matrixÛ which diagonalizes
Hereafter, we denote physical quantities at m Z asθ,m 1 and so on. tan β dependence of the mixing angleθ are shown by using the following expression as
4 Quantum effects for physical quantities
In this section, we show the tan β dependence of neutrino masses, mixing angles and Dirac CP phase at m Z .
neutrino masses and mixing angles
By transforming M ν (m Z ) by U in Eq. (12), we obtain the mass matrix M ν (m Z ) by keeping ǫ up to the first order as
where p ≡ s 12 − ic 12 s 13 , q ≡ c 12 + is 12 s 13 ,
Let us define the submatrices as
Then, m is much smaller than either M in the hierarchical case or µ in the inversely hierarchical case. So we can block diagonalize M ν by using seesaw expansion in [21] as
with a 2 by 2 unit matrix 1 2 , and
where µ ≡ detµ. Here we have neglected the normalization factor of U seesaw since it is nearly unity. By keeping ǫ up to the first order, U seesaw is simply rewritten as
Here, the upper (lower) sign is for the hierarchical (inversely hierarchical) case, where we
Now, in order to obtain the neutrino mixing matrixÛ , we only have to diagonalize the submatrix µ in Eq.(25). Let us define the small parameter
By keeping ǫ and ξ up to the first order, µ is rewritten as 
It is easy to diagonalize µ since it is a 2 by 2 real symmetric matrix. By diagonalizing µ as U T 12 µ U 12 in which
we get tan 2 θ ≃ − ǫ sin 2θ 12 c 
Then, the neutrino mixing matrixÛ is given aŝ
and each element is written as followŝ ,
and we have neglected an unphysical phase.
Thus, we obtain the mixing angle at m Z as sin 2 2θ 13 ≃ sin 2 2θ 13 (1 ± ǫ cos 2θ 13 ) ,
Therefore, we may say that there are no extra mixings between ν 1,2 and ν 3 by the renormalization group equation, where ν i is the mass eigenstate at m R . That is, mixing angles 
where sign(ξ) is +1(−1) for ξ > 0(ξ < 0). Then, the mass squared difference |∆m | cos 2θ SMA | (1 − cot 2θ 12 tan 2θ SMA ) .
The first relation in Eq.(39) shows that |∆m when sin 2θ 12 = 8/9
4 . In this case, however, the quantity ∆m 
and at the same time sin 2 2θ 12 becomes maximal. Here we have used c Thus, LMA solution can be generated for tan β > ∼ 30, while tan β is too tiny to produce VO solution for the realistic tan β region.
On the contrary, in the hierarchical case, m 
CP violation phase
Now, let us take our attention to the CP phase. From Eq.(34), we get the Jarlskog parameterĴ as
The deviation from unity in the bracket means the contribution from seesaw expansion.
This shows that the tan β dependence of the Jarlskog parameter is almost same as that of sin 2θ
That is,Ĵ is damping as tan β grows for ξ > 0, while it has a peak for ξ < 0. Dirac CP phaseδ is also given as ′ 12 in the large tan β region, and we should take this contribution into account to compare with the numerical evaluation.
Numerical check
We calculated the numerical evaluation of neutrino masses and the mixing matrix at m Z to compare with the analytical estimation shown in the previous section. To simplify the analysis, we evaluated in the inversely hierarchical case, where the mass spectrum at m R is easy to be determined except for |∆m 2 12 |. Figs. 1 and 2 are the results of the tan β dependence of mixing angles, Dirac CP phase and mass squared differences at m Z .
(1) An example of the case (a)
• Dirac CP phase δ = π/2 is almost stable unless the input mass splitting ξ = (m 1 − m 2 )/m 1 at m R is too small.
• The behavior of the mixing angle θ 12 and ∆m From the above results, our democratic-type model can give the nearly maximal mixing angle for the atmospheric neutrino anomaly at m Z , provided the free parameter θ 13 is taken to be as small as that preferred by the CHOOZ data.
As to the solar neutrino problem, the latest report from Super-Kamiokande shows that SMA and VO solutions are disfavored by comparing the day/night spectrum with the results of the flux global analysis [3] . If we consider this new data seriously, putting too strong degeneracy on m 1 and m 2 , i.e., ξ << 1, at m R is limited in the small tan β region, otherwise the solar neutrino mixing angle would become small at m Z no matter how large it could be taken at m R .
The result that δ = π/2 predicted by the democratic-type model is almost kept maximal is the best situation to search the CP and T violation phenomenon in the near future 
